Miniature ultrasonic and tactile sensors on Si substrate have been proposed, fabricated and characterized to detect objects for a dexterous robot. The ultrasonic sensor consists of piezoelectric PZT thin film on a Pt/Ti/SiO 2 and/or Si diaphragm fabricated using a micromachining technique; the ultrasonic sensor detects the piezoelectric voltage as an ultrasonic wave. The sensitivity has been enhanced by improving the device structure, and the resonant frequency in the array sensor has been equalized. Position detection has been carried out by using a sensor array with high sensitivity and uniform resonant frequency. The tactile sensor consists of four or three warped cantilevers which have NiCr or Si:B + piezoresistive layer for stress detection. Normal and shear stresses can be estimated by calculation using resistance changes of the piezoresitive layers on the cantilevers. Gripping state has been identified by using the tactile sensor which is installed on finger of a robot hand, and friction of objects has been measured by slipping the sensor.
INTRODUCTION
In recent years, various countries have faced many social problems relating to the population decrease of children and increase of aged persons. This would suggest that there are fewer young workers available to support the many aged persons in daily life and hospitals [1] , and that there are fewer young people who can work efficiently in various workplaces such as manufacturing, distribution, service industries and agriculture [2, 3] . A human-supporting robot is effective to help to care for the people and products, and needs to be sufficiently skilful to recognize various objects. Sensors are useful to recognize the objects but many conventional sensors including photosensors, magnetic sensors, temperature sensors, and gas sensors are not able to easily recognize the object and the distance. Robots are therefore required to gently and intelligently hold and handle objects such as human bodies, products and small parts [4, 5] . Here, ultrasonic and tactile sensors can conveniently detect the distance between the robot and the person and its contact pressure, respectively, and are required to be installed into a dexterous robot for intelligent movement. We have developed these miniature ultrasonic and tactile sensors on silicon wafers by making full use of MEMS (Micro Electro Mechanical System) and functional thin film. The ultrasonic sensors consist of piezoelectric thin film on a square diaphragm of multilayered membranes, the ends of which are supported by Si and ultrasonic wave is detected as piezoelectric voltage induced by vibration. The tactile sensors consist of piezoresistive layers on plural cantilevers which are constructed on Si wafer, warped and embedded in soft elastomer. Normal and shear stresses are simultaneously detected by the change of the resistance of the pisezoresistive layer.
In this paper, we describe the structure, fabrication, characteristics and application of detecting the object's position and touching with the object.
PIEZOELECTRIC MINIATURE ULTRASONIC SENSOR
Microfabricated ultrasonic sensors have been realized on cantilevers and diaphragms using the detection principles of the capacitive [6] [7] [8] , piezoresistive [9, 10] and piezoelectric [11] [12] [13] sensing techniques. Piezoelectric-type microsensors have several advantages: they are simple structures; they have a simple fabrication process because, unlike the capacitive-type, a narrow gap structure is not required; and they potentially have lower power-consumption owing to their nature of self energyconversion [14] than the capacitive-and piezoresistive-types. Here, the diaphragm-type piezoelectric ultrasonic microsensors is described [15] .
Device structure, fabrication and response
A schematic illustration of an example of the piezoelectric micro-machined ultrasonic sensor (pMUT) is shown together with a plan photograph of center diaphragm in Fig. 1 [16] . The square diaphragm of the SiO 2 or SiO 2 /Si films was fabricated from a photolithograph of the reverse side of a square SiO 2 thin film and the preferential etching of a silicon or SOI (Silicon on Insulator) wafer underneath the sensitive area [17] . Pt/Ti thin film was formed on the front surface of the diaphragm, the PZT (Pb(Zr,Ti)O 3 ) thin film was successively deposited by the Sol-gel method, and an Au thin film electrode was formed. This structure was placed on a package and the sensor fabrication was completed after wiring. When the ultrasonic wave is applied to the sensor, the diaphragm of the Au/PZT/Pt/Ti/SiO 2 and/or SiO 2 /Si multi-film vibrates up and down at a resonant frequency by air pressure. An ultrasonic array sensor can be easily fabricated by arranging many sensor elements regularly on the Si wafer by using the same fabrication processes.
Ultrasonic response
The output voltage of a sensor element is measured by facing it onto an ultrasonic transducer. The frequency dependence of the output voltage of a sensor element is shown in Fig. 2 . The sensor has a resonant peak at 176 kHz and its quality factor (Qfactor) is 250. The output voltage at the resonant frequency is 1.26 meV under ultrasonic pressure of 0.12 Pa and the sensitivity is therefore -39.5 dB, which is almost one order of magnitude larger than a commercial sensor using PZT ceramic plate which has sensitivity of -56 dB at 200 kHz.
The transient responses of an ultrasonic sensor were measured under application of an ultrasonic pulse generated by electrical discharge [18] , and are shown in Fig. 3 . The signal-to-noise ratio is 23.7 dB when the distance of the sensor-sound source is 2 m, and each response has a delay of propagation time corresponding to the distance. Directivity of the sensitivity is broad for an incident ultrasonic wave, but can be squeezed in an array sensor having many sensitive elements. Moreover, the angle of the maximum directivity can be controlled by summing up the output voltages which are given delays corresponding to the propagation differences.
Enhancement of sensitivity
Ultrasonic sensitivity has been enhanced by a number of improvements to the device structure. The diaphragms of the elements deflect upward or downward as each thin film in the multilayer has different internal stresses induced in the fabrication processes at high temperature. When an ultrasonic wave is applied to the sensor, the diaphragm including the piezoelectric PZT thin film receives two kinds of stresses: expansion and bending components [19] . Figure 4 shows the calculation results of expansion stress, S e , bending stress, S b , and total stress, S, as a function of deflection at the center of the diaphragm, ζ m [16] . When the membrane is deflected downward (ζ m <0), stress induced by the expansion shows the opposite direction of the bending and so the total stress (S) is the difference between the absolute absolute expansion and bending stresses (S e and S b ). However, when the membrane is deflected upward, the total stress is the sum of both the absolute expansion and bending stresses, and the sensitivity is much larger than that of the downward-deflected membrane. In order to enhance the sensitivity, the membranes were deflected upward by various methods such as pulling the membrane through a cover by a vacuum aspiration technique, reducing the thickness of PZT film and removing PZT thin film other than the center electrode [20] . Figure 5 shows transient responses of the sensors, of which the membranes are deflected upward and downward. The sensitivity of the upward-deflected element is about four times greater than that of the downwarddeflected membrane. The sensitivity was also improved by dividing the top electrode to two parts on the areas showing the positive and negative polarity signals and summing up the output voltages from the electrodes [21] .
Object detection using ultrasonic array sensor
Object detection can be realized by using ultrasonic array sensor and signal processing as the distance and angle from the sensor are determined by the delay and sum calculations of the array signals. The measurement system for detection of the two objects and signal processing for position reconstruction using a four-element array sensor are shown in Fig. 6 [22] . An ultrasonic wave is applied to two objects and the output signal from each element of the sensor is amplified individually by a four-channel amplifier and recorded through an oscilloscope in a microcomputer. Each transient wave is acquired and the digital data are processed to determine the distance and angle.
Here, a problem arises of resonant-frequency scattering of the sensitivity in the array elements, which produces a beat signal by summing the signals with different frequencies. This is considered to be induced by the different sizes of elements and nonuniform thicknesses of the films. Two correction methods were proposed to coincide with the different resonant frequencies, electrically and structurally. The first method involves electrical poling, in which the voltage is applied to the piezoelectric PZT film [22] . The other method involves applying ink onto the membrane with an ink-jet printer and controlling the resonant frequency by the membrane mass. As a result, the resonant frequencies were fitted to almost the same frequency. Figure 7 shows the received signals of 4 elements and delayed and summed signals corresponding to five steering angles. Large reflected signals are found at 30 and -30 degrees and it is recognized that the object at 30 degree is close to the sensor and that at -30 degree is far from the sensor. Moreover from viewpoint of practical use, the sensor was installed with an ultrasonic pulse generator on the front of a toy car and controlled the car to avoid collision with objects and run freely.
MINIATURE TACTILE SENSOR WIHT PIEZORESISTIVE MICRO-CANTILEVER
Human beings can detect normal and shear forces through tactile organs on their finger tips [5] . High density tactile sen- sors are required with the ability to detect various forces and soft surfaces such as the human hand. While many types of tactile sensors have previously been proposed [4, 5, [23] [24] [25] [26] [27] [28] [29] , high-density tactile sensor arrays that can simultaneously detect normal and shear forces using one sensor element have not yet been realized. In this study, we have proposed a tactile sensor with microcantilevers embedded in the elastomer (polydimethylsiloxane; PDMS) for dexterous robots and fabricated by MEMS technologies. It is demonstrated that the fabricated tactile sensors can detect normal and shear forces simultaneously [30] [31] [32] [33] [34] . In the following section, the tactile sensors with sensitive cantilevers are described, and a fabricated tactile sensor array was applied for slippage detection when the object is held in the robot's hands and is slipped.
Device structure and fabrication
A schematic illustration of an example of a tactile sensor having four cantilevers sensitive to normal and shear stresses is shown in Fig. 8(a) . Each cantilever is warped back by using the difference between internal stresses induced by different thermal expansions of multi-layers. One pair of aligned cantilevers is positioned so the cantilevers face each other and the other pair of cantilevers is arranged orthogonally. The cantilevers consist of Si, Si 3 N 4 , SiO 2 , NiCr (or Si:B + ) and Cr thin films as shown in Fig.   8 (b), and are embedded in a soft and thick PDMS elastomer layer which can be touched and is human-friendly. The NiCr thin film or Si:B + layer is piezoresistive and sensitive to deformation induced by stresses. The operation principle is shown in Fig. 9 . When normal stress is applied to a pair of face-to-face cantilevers as shown in Fig.  9(a) , both the cantilevers deflect in the same bending downward direction, and the piezoresistive outputs have the same sign. On the other hand, when shear stress is applied to a pair of face-toface cantilevers as shown in Fig. 9(b) , both the cantilevers deflect in the opposite bending direction and the piezoresistive outputs have opposite signs. Therefore, the normal and shear stresses can be distinguished by calculating the summation and difference of piezoelectric outputs of the face-to-face cantilevers, respectively. Two pairs of orthogonal face-to-face cantilevers provides strength and direction of shear stress added onto the lateral plane and strength of vertical stress simultaneously, and so can detect the tri-axial (x, y and z) force. Moreover, tactile sensors were fabricated having three cantilevers of which the directions were rotated every 120 degrees centrosymmetrically. Three-axis stresses can be estimated from the resistance changes of NiCr films or Si:B + layers on the three cantilevers as tri-axial stresses can be principally calculated from three variables (resistance changes) by solving linear simultaneous equations with three unknowns. The cantilevers were fabricated on a SOI (silicon on insulator) by micromachining, and were warped from the residual stress in the Cr thin film, after release from the Si substrate. Piezoresitive NiCr film or Si:B + layer on the cantilever is combined with three Ni/Cr films or Si:B + layers to construct a bridge circuit for detection of tiny change of resistance. Although temperature drift or noise is a serious problem in detection by touching a warm object such as a human body, it is significantly reduced by optimizing the Ni/Cr atomic ratio (Ni/Cr:42/58) [35] . These cantilevers were embedded in PDMS, which were solidified by heating.
Detection of normal and shear stresses
The response of the tactile sensor fabricated using Si:B + piezsoresitive layer was measured under normal and shear stresses. The relative changes of resistances of the face-to-face cantilevers in the sensor for normal stress, ΔR/R are shown in Fig. 10 . Normal stress is added in the measurement system shown in the inset and monitored by a 6-axis force sensor (UFS 2A-05 Nitta Corp.) attaching a press rod. The outputs of the left and right cantilevers are proportional to the applied normal stress, and 
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their difference induced by the difference in the size and thickness of the pizpresitive layer, is not large. The response under shear stress was also measured by using the same system, and by adding shear force under small normal force. The relative changes of resistances of left and right cantilevers under shear stress, ΔR/R are shown in Fig. 11 . They have opposite sign and their absolute values are close each other. It is confirmed from these results that normal and shear stresses can be obtained simultaneously.
Gripping judgment and friction measurement

Judgment of gripping status by tactile sensor
As a practical application of the tactile sensor, the classification method of gripping state for the robot hand installed with the sensor array was carried out based on machine learning as shown in Fig. 12 [36, 37] . A two-finger type of robot hand with two degrees of freedom was used and a tactile sensor with three cantilevers was placed at an inner side of the finger. Output signals from the sensors are captured by a multi-channel data logger (Keyence corp. NR2000). The object used for the gripping test is an acrylic target box (300 × 50 × 55 mm, 300 g), and a video camera was placed inside the box to observe the contact surface between the object and the sensor through a mirror and classify the gripping states optically.
The experimental sequence was performed as follows. First, the fingers do not touch the target in "non-contact state". Next, the fingers press the box in "grip (pressed) state". Then, the fingers hold the target stably in "grip (holding) state" where full contact between the sensor surface and target is observed. The force applied to the finger is gradually relaxed. When the force is less than a certain threshold, the finger starts slipping on the object in "grip-slip limit state". Finally, the object slips in "slip state" and falls down. Under "unstable grip state", the image of the video camera shows that partial contact occurs in the contact surface. The gripping state was identified by comparing the absolute sensor output, the slope of the output transient, and the dispersion during the previous 0.5 sec. Table 1 shows the classification of gripping states estimated by using the output of the tactile sensor. Three stable states of "non-contact", "grip (holding)" and "slip" can be estimated with high probability from the output data of the tactile sensor, but the intermediate states of the "grip (pressed)" and "grip-slip limit" are difficult to estimate as the probabilities are low.
Friction measurement by moving tactile sensor on object
A tactile sensor array covered by a projected cylindrical elastomer has been designed and fabricated for crosstalk reduction between sensor elements caused by the lateral deformation of the elastomer. The analysis of elastomer deformation by the finite element method showed that the optimal thickness of the flat elastomer on the substrate except for the cylinders is 50-100 μm, because the sensor structure has not only a low crosstalk but also considerable robustness [34] . A tactile sensor array having the flat elastomer of 70 μm thickness has little crosstalk and high robustness. Friction between the tactile sensor and some object was measured by slipping the sensor onto objects. Figure  13 shows transient change of relative resistance, ΔR/R when the sensor is slipped on Si and polystyrene plates at constant speed under normal force of 65 gf. The sensor moves laterally from about 3.2 sec and ΔR/R abruptly jumps up. The maximum ΔR/ R is dependent on coefficient of static friction and roughness of the object surface and so the sense of touch can be characterized by this measurement. ΔR/R becomes reduced and/or oscillated from the maximum point. The reduction of ΔR/R is considered to be due to smaller coefficient of kinetic friction than coefficient of static friction and the oscillation may be due to stick-slip phenomena.
CONCLUSION
Miniature ultrasonic and tactile sensors have been proposed, fabricated and characterized for a dexterous robot. The ultrasonic sensor consists of a sol-gel PZT piezoelectric film on a diaphragm fabricated on Si and vibration induced by ultrasonic pressure produces an electrical signal through piezoelectric effect. Sensitivity of the sensor has been enhanced by buckling Fig. 12 . Schematic illustration of measurement system for detecting slippage. Tactile sensors are installed on the finger surface of the robot's hand which grips a box. A video camera in the box records gripping states. Adapted from [36] . the diaphragm upward and summing outputs of top electrodes divided to two parts. The distance between the sensor and object was easily estimated from the time delay of the wave propagation. Moreover, the stereographic position of objects can be estimated by the processing of signals obtained from the sensor array elements whose resonant frequencies of sensitivity are coincided. The miniature tactile sensor consists of a NiCr thin film or Si:B + layer on warped cantilevers on Si, which is embedded in soft PDMS elastomer. Face-to-face cantilevers have the same and opposite stresses under normal pressure and shear stresses, respectively, and are distinguished by the summation and difference of resistance change of piesoresistive layer. Moreover, gripping states are found to be identified by signal processing of normal stress and shear stress outputs. The sense of touch can be identified quantitatively by slipping the tactile sensor onto objects. These two ultrasonic and tactile sensors are expected to be very useful for assisting action of a dexterous robot.
